Purpose. The present study was undertaken to determine efficacy of phenethyl isothiocyanate (PEITC) for sensitization of androgen-independent human prostate cancer cells (AIPC) to Docetaxel-induced apoptosis using cellular and xenograft models. Methods. Cell viability was determined by trypan blue dye exclusion assay. Microscopy and DNA fragmentation assay were performed to quantify apoptotic cell death in cultured cells. Protein levels were determined by immunoblotting. PC-3 prostate cancer xenograft model was utilized to determine in vivo efficacy of the PEITC and/or Docetaxel treatments. Results. Pharmacologic concentrations of PEITC augmented Docetaxel-induced apoptosis in PC-3 and DU145 cells in association with suppression of Bcl-2 and XIAP protein levels and induction of Bax and Bak. The PEITC-Docetaxel combination was markedly more efficacious against PC-3 xenograft in vivo compared with PEITC or Docetaxel alone. Significantly higher counts of apoptotic bodies were also observed in tumor sections from mice treated with the PEITC-Docetaxel combination compared with PEITC or Docetaxel alone. The PEITC and/or Docetaxel-mediated changes in the levels of apoptosis regulating proteins in the tumor were generally consistent with the molecular alterations observed in cultured cells. Conclusion. These results offer obligatory impetus to test PEITC-Docetaxel combination for the treatment of AIPC in a clinical setting.
INTRODUCTION
Prostate cancer is one of the most commonly diagnosed visceral malignancies and a leading cause of cancer-related deaths among men in the United States (1) . Molecular mechanisms underlying onset and progression of prostate cancer are not fully understood, but the factors implicated in pathogenesis of this devastating disease include age, race, diet, androgen secretion and metabolism, and activated oncogenes (2) (3) (4) . Early detection techniques (e.g., screening for prostate-specific antigen and digital rectal exams) have undoubtedly improved the survival of prostate cancer patients by permitting treatment of localized disease (4, 5) . Early stage prostate cancer is responsive to androgen ablation therapy (5, 6) . However, this treatment modality is palliative and often leads to disease recurrence (6, 7) . Furthermore, nearly all recurrent prostate cancers eventually transition to androgenindependent state (also referred to as "castration-resistant" or "hormone-refractory") that is highly aggressive, resistant to chemotherapy, and unfortunately lethal (4, 8) . The mechanisms underlying transition of hormone-dependent prostate cancer to androgen independence are not fully understood, but both androgen-dependent and -independent signaling by the androgen receptor and upregulation of pro-survival pathways have been implicated in this phenomenon (8) (9) (10) (11) . Docetaxel (Taxotere®) has become the treatment of choice for management of androgen-independent prostate cancer (AIPC) (12, 13) . Although implementation of Docetaxel-based regimen has significantly improved survival of AIPC patients, the response rate is not overwhelming (12, 13) . Moreover, Docetaxel is severely dose-limited due to adverse side effects, including neutropenia, diarrhea, nausea, and fatigue (12) . Clearly, novel combinations to reduce doselimiting toxicity of Docetaxel and/or to increase its efficacy are highly desirable and could have a significant impact on disease-related cost, morbidity, and mortality for a large segment of population. Natural products have received increasing attention in recent years for the discovery of novel cancer chemotherapeutics agents (14, 15) .
Epidemiological data continue to support the premise that dietary intake of cruciferous vegetables may reduce the risk of different malignancies, including cancer of the prostate (16, 17) . Anticancer effect of cruciferous vegetables is attributed to organic isothiocyanates (ITCs) that are generated due to hydrolysis of corresponding glucosinolates abundant in many edible plants, including watercress and broccoli (18) .
Phenethyl isothiocyanate (PEITC) is one such ITC compound that has attracted a great deal of research interest due to its anticancer effects. Known anticancer effects of PEITC include (a) prevention of cancer development in animal models induced by chemical carcinogens (e.g., constituents of cigarette smoke) (19) (20) (21) , (b) suppression of cancer cell viability in association with cell cycle arrest, apoptosis induction, and autophagic cell death (22) (23) (24) (25) (26) (27) (28) (29) (30) , and (c) inhibition of angiogenesis in vitro and ex vivo (31) .
In the present study, we used cellular (PC-3 and DU145) and xenograft (PC-3 xenograft) models to test efficacy of PEITC for sensitization of AIPC to Docetaxel-induced apoptosis. We provide the first preclinical evidence of synergy between pharmacologic concentrations of PEITC and Docetaxel for growth suppression as well as apoptosis induction in human AIPC cells in vitro as well as in vivo. These preclinical results provide obligatory impetus to test PEITC-Docetaxel combination for the treatment of AIPC in a clinical setting. 
MATERIALS AND METHODS

Reagents
PEITC (purity >98%) and Docetaxel were purchased from LKT Laboratories (St. Paul, MN). Cell culture reagents and fetal bovine serum (FBS) were purchased from Life Technologies (Carlsbad, CA); 4′,6-diamidino-2-phenylindole (DAPI) was from Sigma-Aldrich (St. Louis, MO); and a kit for quantification of cytoplasmic histoneassociated DNA fragmentation was purchased from Roche Diagnostics-USA (Indianapolis, IN). Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) kit was from Chemicon International-Millipore (Billerica, MA). Caspase-3 activation was measured by flow cytometry using a kit from Cell Signaling Technology (Danvers, MA). The antibodies against Bak and Bax were from Santa Cruz Biotechnology (Santa Cruz, CA); the antibodies against Bcl-2 and proliferating cell nuclear antigen (PCNA) were from DakoCytomation (Carpinteria, CA); and the anti-XIAP antibody was from BD Biosciences Pharmingen (San Diego, CA).
Cell Culture and Cell Viability Assay
The PC-3 and DU145 cells were procured from the American Type Culture Collection (Manassas, VA) and maintained as described by us previously (25, 26, 28, 32) . Parental HCT-116 cells and their XIAP deficient variant (HCT116-XIAP-/-) were maintained in McCoy's 5A medium supplemented with 10% (v/v) FBS and antibiotics. Stock solutions of PEITC and Docetaxel were prepared in dimethyl sulfoxide (DMSO) and diluted with complete medium. An equal volume of DMSO (final concentration <0.05%) was added to the controls. Effect of PEITC and/or Docetaxel treatments on cell viability was determined by trypan blue dye exclusion assay as described by us previously (32) .
Determination of Apoptosis and Membrane Potential
Apoptosis induction by PEITC and/or Docetaxel treatments was assessed by fluorescence microscopy and cytoplasmic histone-associated DNA fragmentation and caspase-3 activation assays as described by us previously (32, 33) . The effects of PEITC and/or Docetaxel treatments on mitochondrial membrane potential were determined by flow cytometry using 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide (JC-1; Molecular Probes, Eugene, OR) as described by us previously (28) .
Immunoblotting
Cell lysates and tumor supernatants were prepared as described by us previously (34, 35) . Immunoblotting was performed as described by us previously (34, 35) . Change in protein level was determined by densitometric scanning of the immunoreactive bands followed by correction for actin loading control.
Xenograft Assay
Male athymic mice (6 weeks old) were purchased from Harlan Sprague Dawley (Indianapolis, IN). Exponentially growing PC-3 cells with stable expression of luciferase (Caliper Life Sciences, Mountain View, CA) were mixed in a 1:1 ratio with Matrigel, and a 0.1 mL suspension containing 3×10 6 cells was injected subcutaneously on flank of each mouse. Mice were randomized into four groups of five mice per group, and treatment was started on the day of tumor cell injection. Group 1 (control) mice received 0.1 mL PBS by gavage five times per week (Monday-Friday) and 0.1 mL PBS by intraperitoneal injections three times at weekly intervals. Group 2 mice were gavaged with 9µmol PEITC in 0.1 mL PBS five times per week (Monday-Friday). Group 3 mice were intraperitoneally injected with 10 mg Docetaxel/kg body weight in 0.1 mL PBS three times at weekly intervals. Group 4 mice were treated with PEITC and Docetaxel as described above for mice of groups 2 and 3. The experiment was terminated 38 days after tumor cell injection. Tumor size was measured using a caliper as described by us previously (36) . Body weights of the control and treated mice were recorded periodically. Mice of each group were also monitored every other day for symptoms of side effects, including food and water withdrawal, ruffled fur, and impaired posture or movement. The in vivo xenograft experiment was repeated with some modifications. In the second experiment, 6-week-old male athymic mice were subcutaneously implanted with PC-3 cells as described above in the first experiment. Fifteen days after tumor cell injection, when average tumor volume approached nearly 50 mm 3 , the mice were randomized into four groups. Mice of control group (group 1) were gavaged with 0.1 mL PBS five times per week (Monday-Friday) and 0.1 mL PBS on day 15, 22 and 29 after tumor cell implantation (n=6). The group 2 mice were gavaged with 6 μmol PEITC in 0.1 mL PBS by gavage five times per week (Monday-Friday; n=7). Mice of group 3 were treated with 5 mg Docetaxel/kg body weight by intraperitoneal injection on day 15, 22 and 29 after tumor cell implantation (n=6). The mice of group 4 were treated with PEITC and Docetaxel as described above (n=7). The experiment was terminated on day 38 after tumor cell implantation.
TUNEL Assay and Immunohistochemical Analysis of PCNA Expression
Apoptotic bodies in the tumor sections were visualized by TUNEL assay as described by us previously (37) . Immunohistochemical analysis of PCNA expression was performed as previously described by us (37) .
Statistical Analysis
The t-test or ANOVA was used to test the significance of difference in measured variables between control and treated groups. Difference was considered significant at P=0.05.
RESULTS
PEITC Sensitized PC-3 and DU145 Cells to Growth Suppression by Docetaxel
We have shown previously that PEITC treatment inhibits growth of PC-3 cells by causing apoptotic cell death (25, 28) . In the present study, we used the same cell line to test if growth inhibition by Docetaxel is increased in the presence of PEITC. Fig. 1A shows viability of PC-3 cells following 24 h exposure to PEITC and/or Docetaxel as judged by trypan blue dye exclusion assay. The PEITC and Docetaxel combination was significantly more efficacious against viability of PC-3 cells compared with PEITC or Docetaxel treatment alone. Further analysis of the results using the method described by Lee et al. (38) revealed that the PC-3 cell growth suppression by Docetaxel was synergistically augmented in the presence of PEITC (Table I) . For example, viability of PC-3 cells was not affected in the presence of 1 nM Docetaxel alone, while exposure to 2 μM PEITC resulted in about 43% inhibition of cell survival compared with DMSO-treated control (Table I ). The viability of PC-3 cells was reduced by about 71% by a 24 h co-treatment with 2 μM PEITC and 1 nM Docetaxel in comparison with vehicletreated control cells with observed combination index of 1.97 indicating synergy between PEITC and Docetaxel (Table I) .
Next, we raised the question of whether the PEITCmediated sensitization to growth suppression by Docetaxel was a cell line-specific response unique to the PC-3 cell line. We addressed this question using DU145 cell line, which is another well-accepted cellular model of human AIPC. The PEITC-mediated synergistic sensitization to growth inhibition by Docetaxel was also evident in the DU145 cell line (Table I) . Collectively, these observations indicated that the PEITC and Docetaxel combination was synergistic against proliferation of cultured PC-3 and DU145 cells.
PEITC Sensitized Cultured PC-3 and DU145 Cells to Docetaxel-Induced Apoptosis
We proceeded to test whether the PEITC-mediated sensitization of human AIPC cells to growth inhibition by Docetaxel was due to increased apoptosis. This possibility was likely considering apoptosis induction is the main mechanism by which both PEITC and Docetaxel kill cancer cells (15, 25) . We explored this possibility by fluorescence microscopy to visualize apoptotic cells with condensed and fragmented DNA (DAPI assay). Fig. 1B 
alone or 2 nM Docetaxel alone was marginally proapoptotic compared with DMSO-treated control. The apoptotic fraction with condensed and fragmented DNA was significantly higher in PC-3 cells exposed to the PEITC-Docetaxel combination when compared with either DMSO-treated control or PEITC and Docetaxel treatment alone (Fig. 1C) . The results of DAPI assay were verified by analysis of cytoplasmic histone-associated DNA fragmentation (Fig. 1D ) and caspase-3 activation (Fig. 1E) , which are well-accepted and reliable techniques for quantitation of apoptotic cell death. In both these assays, the PEITCDocetaxel combination was significantly more efficacious in eliciting apoptotic response compared with control as well as PEITC or Docetaxel alone.
We designed experiments using DU145 cell line to test generality of these observations. Similar to the PC-3 cell line (Fig. 1) , a 24 h exposure of DU145 cells to the PEITC (1 or 2 μM) and Docetaxel (2 nM) combination resulted in statistically significantly higher apoptotic cell death compared with DMSO-treated control, PEITC alone, and Docetaxel alone as judged by DAPI assay ( Fig. 2A and 2B ) and analysis of cytoplasmic histone-associated DNA fragmentation (Fig. 2C) . Collectively, these results indicated that the PEITC-mediated sensitization to growth inhibition by Docetaxel was indeed due to increased apoptosis.
Effects of PEITC and/or Docetaxel Treatments on Expression of Bcl-2 Family Proteins
The Bcl-2 family proteins have emerged as critical regulators of apoptosis by functioning as either promoters (e.g., Bax and Bak) or inhibitors (e.g., Bcl-2) of the cell death process. We have shown previously that the PEITC-induced cell death in prostate cancer cells is associated with changes in protein levels of Bcl-2 family of anti-apoptotic and/or proapoptotic proteins favoring apoptosis (27, 28) . To gain insight into the mechanism behind increased apoptosis by PEITCDocetaxel combination, we performed immunoblotting for Bcl-2 family proteins using lysates from PC-3 cells treated for 24 with 1 nM Docetaxel in the absence or presence of 1 or 2 μM PEITC. Both Docetaxel and PEITC treatments resulted in down-regulation of Bcl-2 protein, which was exacerbated by co-treatment with these agents (Fig. 3A) . The levels of multidomain proapoptotic Bcl-2 family members Bax and Bak were not altered appreciably by treatment with Docetaxel alone or PEITC alone. On the other hand, the levels of these proteins were increased by about 1.7 to 1.8-fold by co-treatment with PEITC and Docetaxel in comparison with DMSO-treated control (Fig. 3A) . Finally, Docetaxel alone resulted in a modest increase in the protein level of XIAP, which was abrogated in the presence of PEITC, especially at the 2 μM dose.
Because co-treatment with PEITC and Docetaxel resulted in up-regulation of Bax and Bak (Fig. 3A) , we designed experiments to test whether PEITC-mediated sensitization to Docetaxel-induced apoptosis was associated with disruption of mitochondrial membrane potential. Disruption of the mitochondrial membrane potential, judged by flow cytometric analysis of monomeric JC-1-associated fluorescence, was much more pronounced in PC-3 cells treated for 6 h with the PEITC-Docetaxel combination compared with PEITC-or Docetaxel-alone treatment group (Fig. 3B) .
We used wild-type HCT-116 cells and their isogenic XIAP-knockout variant (HCT-116/XIAP-/-) to further test the role of XIAP in PEITC-mediated sensitization to Docetaxel-induced apoptosis. The PEITC-mediated sensitization to Docetaxel-induced apoptosis (Fig. 3C) , as well as growth suppression (Fig. 3D) , was much more pronounced in the HCT-116/XIAP-/-cell line compared with the wild-type HCT-116 cells. Collectively, these results indicated excellent correlation between increased apoptosis induction ( Figs. 1  and 2 ) and changes in levels of Bcl-2 family proteins and XIAP (Fig. 3) by the PEITC-Docetaxel combination.
Effects of Docetaxel and/or PEITC Treatments on Growth of PC-3 Xenografts
In vivo validation of the cellular observations is essential for logical design of promising combination regimens for future clinical investigations. We therefore designed a xenograft study to determine the in vivo anticancer effects of PEITC and/or Docetaxel treatments using the PC-3 cell line. The doses of the PEITC and Docetaxel were selected from published literature (39, 40) . Tumor did not grow in one mouse of the Docetaxel-alone treatment group. One mouse from the Docetaxel-alone treatment group died on day 31 after tumor cell implantation, possibly due to toxicity. Even though the average tumor volume in mice treated with PEITC alone or Docetaxel alone was generally lower compared with vehicle-treated control mice, the differences were statistically insignificant on most days of tumor measurement (Fig. 4A) . On the other hand, the average tumor volume in mice treated with the combination of PEITC and Docetaxel was statistically significantly lower in comparison with control mice on several days of tumor measurement (Fig. 4A) . For example, the average tumor volume in mice of control group on day 38 (day of sacrifice) was 879 ± 127 mm 3 , which was approximately 2.8-fold higher compared with that of the PEITC-Docetaxel combination group (Fig. 4B) . Consistent with these results, average wet weight of the tumors excised from control mice was also about 2.6-fold higher compared with that of the PEITC-Docetaxel combination group (results not shown). The body weights of the control and PEITC and/or Docetaxel-treated mice did not differ significantly throughout the experimental period (Fig. 4C) . Moreover, none of the mice of PEITC group exhibited any other signs of overt toxicity.
In a different in vivo experiment involving a slightly modified treatment protocol (6 μmol PEITC by gavage 5 times per week and 5 mg Docetaxel/kg body weight by intraperitoneal injection on days 15, 22 and 29 after tumor cell implantation with treatments starting when average tumor volume was about 50 mm (Fig. 5B) . For example, average number of TUNEL-positive apoptotic bodies in tumor sections from the PEITC-Docetaxel combination group was higher by about 5.0-, 2.1-and 2.4-fold, respectively, compared with control, PEITC-alone, and Docetaxel-alone groups (P< 0.001).
Fig . 5C shows immunohistochemical analysis for PCNA expression in representative tumor sections of control and PEITC-and/or Docetaxel-treated mice. The PEITC-Docetaxel combination treatment caused ∼45% decrease (P=0.045 compared with control by t-test) in tumor PCNA expression compared with control (Fig. 5D) . Collectively, these results indicated that the PEITC-Docetaxel combination was significantly more proapoptotic compared with other treatments as revealed by the TUNEL assay.
Effects of PEITC and/or Docetaxel Treatments on Tumor Levels of Bcl-2 Family Proteins
Tumor tissues harvested from three mice of each group (first xenograft study) were examined for expression of Bax, Bak, Bcl-2, and XIAP by immunoblotting to gain insight into the mechanism of increased apoptosis by the combination treatment. As can be seen in Fig. 6A , the PEITC and/or Docetaxelmediated changes in levels of apoptosis regulating proteins in the tumor tissue were generally in good agreement with the molecular alterations observed in cultured PC-3 cells. For example, the PEITC-Docetaxel combination treatment caused a statistically significant increase in protein level of Bax compared with control and PEITC-or Docetaxel-alone treatment groups. The level of Bak protein was significantly higher in tumors of mice treated with the PEITC-Docetaxel combination compared with control mice. Likewise, down-regulation of Bcl-2 was relatively more pronounced in the tumors from PEITCDocetaxel combination group compared with other groups (Fig. 6B) . Finally, the level of XIAP protein was reduced significantly in tumors from PEITC-Docetaxel-treated mice compared with control and Docetaxel-alone groups (Fig. 6B) . These results clearly indicated that Bcl-2 family proteins and XIAP are targets of PEITC-mediated sensitization of PC-3 xenografts to apoptosis induction by Docetaxel in vivo.
DISCUSSION
Docetaxel remains the treatment of choice for AIPC with both symptomatic and survival benefits in men with metastatic cancer (12, 13, 41) . The clinical benefit of Docetaxel is limited by adverse side effects (12) . Clearly, novel combinations to reduce dose-limiting toxicity of Docetaxel and/or to increase its efficacy are highly attractive. Such a strategy could especially benefit the elderly population by allowing longer and/or frequent dosing regimens to more effectively treat AIPC. Results presented herein demonstrate that a constituent of cruciferous vegetables (PEITC) synergizes with Docetaxel against cultured human AIPC cells. We also found that the PEITC-mediated sensitization of AIPC cells to growth suppression by Docetaxel is intimately linked to increased apoptotic cell death both in cultured PC-3 and DU145 cells in vitro as revealed by DAPI assay and analysis of cytoplasmic histone-associated DNA fragmentation and in PC-3 tumor xenografts in vivo as judged by TUNEL assay. Moreover, the PEITC-Docetaxel combination is well-tolerated by the mice without weight loss or any other signs of overt toxicity. To the best of our knowledge, the present study is the first published report to document synergistic anticancer effect of PEITC and Docetaxel against AIPC in vivo. It is important to point out that the PEITC-mediated sensitization to Docetaxel-induced apoptosis occurs at pharmacologic concentrations in both PC-3 and DU145 cells (42) (43) (44) .
The PEITC-mediated sensitization to growth suppression by Docetaxel was relatively stronger in the PC-3 cell line than in the DU145 cells (Table I ). The precise mechanism underlying this divergence remains to be elucidated but is most likely attributable to differential expression of pro-survival factors. One such possibility relates to constitutive activation of signal transducer and activator of transcription 3 (STAT3), which is an oncogenic transcription factor implicated in development and progression of various cancers, including prostate cancer (45) . The STAT3 is constitutively active in the DU145 cell line, but not in the PC-3 cells (46) . It is possible that the constitutively active STAT3 hinders PEITC-mediated sensitization to growth suppression by Docetaxel in the DU145 cells. Likewise, the PC-3 cell line lacks expression of tumor suppressor PTEN, which results in constitutive activation of Akt in this cell line (47) . On the other hand, serine-threonine kinase Akt is not constitutively active in DU145 cells due to robust expression of PTEN (47) . Thus, the difference in constitutive activation of Akt between PC-3 and DU145 cells may also contribute to their differential sensitivity to the PEITC-Docetaxel combination. However, further studies are needed to systematically explore these mechanistically intriguing possibilities. Docetaxel directly binds to the β-subunit of tubulin and alters microtubule dynamics, which ultimately leads to mitotic arrest and apoptosis (48) . However, chemosensitivity to Docetaxel is also influenced by other prosurvival molecules, including Bcl-2 , Stat1, and PIM1 kinase (49, 50) . Apoptotic response to PEITC in prostate cancer cells is accompanied by a change in the ratio of proapoptotic-anti-apoptotic Bcl-2 family members (27, 28) . The present study reveals that the PEITC-mediated sensitization of prostate cancer cells to Docetaxel-induced apoptosis shows excellent correlation with suppression of Bcl-2 and induction of Bax and Bak not only in cultured cells but also in the PC-3 tumor in vivo. For example, the Docetaxel-mediated suppression of Bcl-2 in cultured PC-3 cells is exacerbated in the presence of PEITC. However, the molecular mechanism underlying changes in levels of Bcl-2 family proteins upon treatment with PEITC-Docetaxel combination is yet to be determined. Nonetheless, these results suggest that Bcl-2, Bax and Bak represent valid targets to assess response to PEITC-Docetaxel combination in future clinical trials.
The XIAP protein may be another biomarker to assess response to PEITC-Docetaxel combination treatment. The XIAP is a direct inhibitor of executioner caspase-3 and initiator caspase-7 (51). The XIAP is considered as a valid therapeutic target (52) . For example, XIAP inhibition has been shown to increase chemotherapy sensitivity in cancer cells (53) . Increased expression of XIAP has been shown in prostate cancer biopsy specimens from all stages of the disease (54) . In addition, it has been suggested that inhibition of XIAP expression may reinforce the apoptotic effect of neo-adjuvant hormonal therapy in prostate cancer patients (55) . We found that Docetaxel-alone treatment causes modest yet marked induction of XIAP protein level in both cultured PC-3 cells and xenograft. Interestingly, the Docetaxel-mediated induction of XIAP is not only nullified in the presence of PEITC, but the combination treatment also results in robust down-regulation of this protein. Expression of XIAP is regulated by the transcription factor nuclear factor-κB (NF-κB; 56). Because Docetaxel treatment can activate NF-κB in cancer cells (15, 57) , the possibility that the XIAP induction by Docetaxel administration in the tumor in vivo (Fig. 6A) is mediated by NF-κB can not be excluded. It is equally plausible that the suppression of XIAP expression by the PEITCDocetaxel combination is also related to inhibition of NF-κB because PEITC inhibits NF-κB-regulated gene expression in cultured PC-3 cells (30) . Further studies are needed to experimentally verify these possibilities.
In conclusion, the present study demonstrates that combination of PEITC with Docetaxel results in greater-than-additive apoptotic cell killing of cultured PC-3 and DU145 cells and superior antitumor activity against PC-3 xenograft in vivo compared with single agent alone. We are hopeful that our preclinical results will spark interest to test this combination regimen in a clinical setting.
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